Purpose: Kaposi sarcoma (KS) is a vascular tumor initiated by infection of endothelial cells (ECs) with KS-associated herpesvirus (KSHV). KS is dependent on sustained proinflammatory signals provided by intralesional leukocytes and continued infection of new ECs. However, the sources of these cytokines and infectious virus within lesions are not fully understood. Here, mast cells (MCs) are identified as proinflammatory cells within KS lesions that are permissive for, and activated by, infection with KSHV.
Introduction
Kaposi sarcoma (KS) is a unique, highly inflammatory "hemorrhagic sarcoma" initiated by infection of endothelial cells (ECs) by KS-associated herpesvirus (KSHV; also known as human herpesvirus 8). There are four epidemiologic types of KS: Classic KS, which typically occurs in elderly men in Mediterranean regions and is relatively indolent; endemic KS, occurring in persons in sub-Saharan Africa; iatrogenic KS, occurring in immunosuppressed persons undergoing transplantation; and epidemic KS, occurring in patients with HIV/ AIDS. Independent of form, histologically, lesions are characterized by proliferating spindle-shaped ECs and infiltrating leukocytes (1) . Spindle cells carry latent KSHV, defined by limited viral gene expression and no progeny production, but cells explanted from KS lesions and grown in culture rapidly lose the KS genome (2) . Thus, a source of infectious KSHV virions within lesions capable of infecting new ECs is thought to be essential. Furthermore, while latently infected ECs secrete some inflammatory mediators, the levels are insufficient to drive survival and growth of spindle cells in culture. Thus, paracrine inflammatory signaling is thought to be essential for KS lesion development. The interplay between infection and inflammation allows for the enhanced survival of spindle cells even prior to malignant transformation.
Previous reports have described mast cells (MCs) in KS lesions but their significance has not been established (3) . MCs are long-lived, tissue-resident cells that, like ECs, develop from bone marrow-derived CD34 þ progenitor cells (4) . Consistent with their role in sensing pathogens and allergens, MCs are most prevalent in mucosal tissues where they interface directly with the external environment, as well as adjacent to microvessels where they monitor both blood and lymph circulation (5) . As immune surveillance cells (6) , they have essential roles in both acute and chronic inflammation (5, 7) . Given the shared ontogeny of ECs and MCs, as well as their close association within all vascularized tissues, it is not surprising that these cell types cross-regulate each other. For example, chemical mediators from MCs promote EC activation, which is required for the regulated recruitment of leukocytes to inflamed tissues (8, 9) . There is evidence that MC activation of ECs is key to the pathophysiology of vascular compromise observed in severe dengue (10, 11) and influenza infections (12) , and MCs are known to be permissible to infection by multiple viruses. Furthermore, there is accumulating evidence that MC activation is a promising target for adjunctive therapy in multiple cancer types. MCs are found in a wide range of malignancies, often associated with poor prognosis, increased metastasis, and reduced survival, including melanoma, prostate, pancreatic adenocarcinoma, and squamous cell carcinoma (reviewed in ref. 13 ). MC-cancer links are illustrated in the clinical observation that patients with mastocytosis, which is defined by pathologically increased numbers of MCs, have increased risk of developing both myeloid and lymphoid neoplasms (14) . MCs are key effectors in the development and progression of small-bowel cancer (15) , malignant pleural effusion (MPE; ref. 16) , and primary cutaneous lymphoma (17) , and are pathologically associated with several other Bcell cancers including Hodgkin lymphoma (18, 19) , diffuse large B-cell lymphoma (20) , and B-cell chronic lymphocytic leukemia (18) .
Here we provide the first evidence of a central role of MCs in the pathogenesis of KS. Specifically, we demonstrate that MCs are permissive for KSHV infection and that infection leads to activation and degranulation of MCs. We demonstrate also that MCs are abundant within KS lesions, that they express both latent and lytic viral proteins, and that they are predominantly activated. We also demonstrate the potential of anti-MC medications as a promising novel therapeutic approach for KS. Collectively, our data identify MCs as potentially central mediators of KS pathophysiology, and further evaluation of the therapeutic potential of MC-targeted treatment is warranted.
Methods

Cell culture
BCBL-1 PEL cells were maintained in RPMI medium 1640 containing 10% FBS, 1% penicillin-streptomycin, and 0.05 mol/L b-mercaptoethanol. LAD2 (a kind gift from Arnold Kirshenbaum, NIH, Bethesda, MD) and LUVA (a kind gift from John Steinke, University of Virginia, Charlottesville, VA) MCs were cultured in serum-free media (StemPro-34 SFM, Life Technologies). HMC-1 clone 5C6 MCs were cultured in Iscove medium (Gibco) and authenticated by the University of Arizona genetics core by Promega PowerPlex assay and short tandem repeat results compared with genomic databases. Because LAD2 and LUVA cell sequences are not currently available, these cells were authenticated by flow cytometry using MC-specific receptor staining, CD117 (Thermo Fisher Scientific, clone 104D2) and FceRI (Thermo Fisher Scientific, clone AER-37). MC media were supplemented with 2 mmol/L L-glutamine, 100 U/mL penicillin, 50 mg/mL streptomycin. A total of 100 ng/mL SCF was added to LAD2 cultures. LAD2 cells were fed by hemidepletion of media twice a week. Primary human umbilical vein endothelial (HUVEC) cells were purchased from Lonza. Cultures were expanded in EBM-2 media (Lonza) supplemented with the EGM-2 bullet kit in 6-well tissue culture plates coated with 0.1 % (w/v) gelatin in PBS and used between passage 2 and 5 for experiments. Cells were maintained at 37 C in 5% CO 2 . All cell lines were tested every 1 to 2 month(s) for Mycoplasma contamination using the MycoProbe Mycoplasma detection kit (R&D Systems). Cell lines were thawed and used for approximately 2 months before being discarded and a fresh aliquot thawed for use in experiments with the exception of LAD2 cells that were cultured continuously as per instructions.
Virus production and quantification
KSHV was obtained from cultures of BCBL-1 cells that harbor latent KSHV. Lytic reactivation of 5 Â 10 5 BCBL-1 cells/mL was induced by addition of 0.4 mmol/L Valproic acid (Sigma) to cultures for 7 days. On day 7, cell-free virus-containing supernatant was harvested from cultures and concentrated by centrifugation at 10,000 Â g for 2 hours. The viral pellet was resuspended in EBM-2 media, aliquoted, and frozen at À80 C. To determine the viral titer, viral preparations were treated with DNAse I (Invitrogen). KSHV DNA was extracted (QIAGEN QiAamp DNA Mini Kit) and copy number quantified by real-time DNA PCR using primers that amplify the latency-associated nuclear antigen (LANA, also known as ORF 73 gene, see Supplementary Table S1 for sequence). The KSHV ORF 73 gene cloned in the pCR2.1-TOPO vector (Invitrogen) was used for the external standard. Known amounts of ORF 73 plasmid (10 7 , 10 6 , 10 5 , 10 4 , 10 3 , 10 2 , 10, and 1 copies) were used to generate a standard curve. Reaction conditions for two-step PCR were performed on a Bio-Rad iCycler, using 42 cycles of 95 for 10 seconds, then 60 for 30 seconds. The C t values were used to plot the standard graph and to calculate the copy numbers of viral DNA.
Titering of KSHV
Quantification of infectious virus was assessed on 1 Â 10 5 cells/ well HUVEC monolayers plated on gelatin-coated 6-well plates with glass coverslips. The next day, monolayers were inoculated with KSHV at different dilutions in the presence of 8 mg/mL Polybrene (Sigma) for 2 hours at 37 C followed by spinoculation
Translational Relevance
Inflammation is a key driver of oncogenesis and modulation of inflammation in the tumor microenvironment is emerging as a viable therapeutic approach. Kaposi sarcoma (KS), one of the most commonly diagnosed and aggressive cancers in sub-Saharan Africa, is an unusual cancer, dependent on infection with KS herpes virus (KSHV) and on inflammatory mediators. Despite extensive study the key cellular players and paracrine inflammatory mediators driving the disease are incompletely understood. Here we identify a previously unrecognized role for potent proinflammatory mast cells (MCs) in KS. MCs are localized, extensively activated, and infected by KSHV in KS tumors and their clinical importance is underscored by the successful treatment of a case of AIDS-KS with anti-MC therapy. These data strongly suggest a specific role for MCs in KSHV-driven oncogenesis and identify MC antagonists as a promising novel, pathogenesis-targeted therapeutic approach to KS. Our work adds to the growing body of knowledge on the role of MCs in oncogenesis, and demonstrates the efficacy of using widely available MC-directed therapies for treatment of KS. at 2,000 rpm for 15 minutes. Forty-eight hours postinfection (pi), HUVECs were washed with PBS, fixed in 4% paraformaldehyde for 10 minutes at room temperature, and stained with a rabbit anti-LANA (1:1,000) antibody, and visualized with goat antirabbit 488 (Molecular Probes) as described previously (21) . Infectious units were determined by counting the number of LANA dots/cell in five fields of view with one LANA dot equivalent to one infectious viral particle, as described previously (22) .
In vitro KSHV infection of MCs
A total of 4 Â 10 6 HMC-1 or LAD2 MCs were infected with KSHV (MOI 1-3) for 3 hours at 37 C. Cells were mixed gently by hand every 20 minutes during the 3-hour incubation time. Postinfection, cells were washed two times with 100 volumes of warm media to remove any unbound virus, set up at 5 Â 10 5 cells/mL, and cultured for indicated times. For some experiments, UV inactivation of virus was carried out. For ultraviolet inactivation (UV), KSHV was exposed to 5 Â 1,200 mJ UV in a UV Stratalinker (23) .
qPCR
Total RNA from KSHV-infected MC cultures was isolated using the RNeasy Mini Kit (QIAGEN) with DNase treatment performed on column with the Qiagen RNase-free DNase according to the manufacturer's protocols. The quality and concentration of RNA was assessed using the ND1000 spectrophotometer (Nanodrop). A total of 0.5 to 1 mg of RNA was reverse transcribed using a QIAGEN Quantitect Reverse Transcription kit according to the manufacturer's instructions. qPCR using Bio-Rad iQ SYBR Green Supermix was run on a Bio-Rad iCycler, using a two-step program of 95/60 C for 45 cycles. All reactions were performed in duplicate. Samples were normalized and expressed as DC t of the internal control gene (GAPDH) and target gene using the DC t method. All samples had a no RT control and NTC to control for DNA contamination. Each "n" represents an experiment executed independently, representing a different RNA sample.
RT-PCR
Total RNA was isolated and converted into cDNA as described in the qPCR section. The primer sequences used in the RT-PCR analyses are listed in Supplementary Table S1 . For RT-PCR, cDNA was diluted 1:4 and 2 mL used in subsequent PCR reactions with KSHV gene-specific primers. All samples had a no RT (reverse transcriptase) control and NTC to control for DNA contamination. BCBL-1 cells induced with 0.4 mmol/L Valproic acid for 2 days served as a positive control for lytic viral gene expression. PCR was carried out using Promega Go-TaqGreen Master mix in a Bio-Rad thermocycler. PCR products were run on 2% agaroseethidium bromide gels and viewed on a Bio-Rad geldoc.
Limiting dilution qPCR
To determine the frequency of cells carrying the KSHV genome limiting dilution qPCR was performed on serial dilutions of MCs infected with KSHV at 24 hpi using previously published methods (24 
KSHV infection assay
HMC-1 cells were infected with KSHV at MOI 1-3 as described above for 24 to 72 hours. Following inoculation, MCs were washed twice with 100 volumes of 5% FCS Iscove's and set up at 5 Â 10 5 cells/mL. At 48 hpi, cell-free supernatants were harvested and used directly to infect semiconfluent monolayers of primary HUVECs as described above. Cell-free supernatants from mock-infected or UV-inactivated virus inoculated cultures were used as controls for LANA-specific staining. At 48 hours posttreatment, KSHV infection was assessed by LANA microscopy as described above (21) .
b-hexosaminidase release assay (degranulation assay)
LAD2 and LUVA cells (1 Â 10 6 cells/mL) were incubated for 60 minutes at 37 C in the absence or presence of increasing concentrations of live or UV-inactivated KSHV. Mock-treated cultures were used to indicate baseline b-hexosaminidase release. Cultures were centrifuged at 200 Â g for 10 minutes at 4 C. After collection of supernatants, the pellets were resuspended at 1 Â 10 6 cells/mL in buffer and disrupted by three rounds of snap freeze-thaw. Supernatants and pellets were frozen at À80 C for future analysis. b-hexosaminidase assay was carried out as described previously (25) . The net percent b-hexosaminidase release was calculated as follows: [(b-hexosaminidase in supernatant)/(b-hexosaminidase in supernatant þ b-hexosaminidase in pellet)] Â 100.
Histology
Deidentified tissue from 31 cases of AIDS-KS (20 dermal, one oral mucosa, six lymph node, two lung, and two intestinal) and 10 control non-KS samples from 10 HIV þ cases (two dermal, two lung, three lymph node, and three intestinal) were obtained from the AIDS Tryptase and N-methlyhistamine ELISA Total MC tryptase (Cusabio) and the histamine metabolite N-methylhistamine (IBL International) were measured by ELISA on archived plasma samples from 25 patients with HIV þ and 13 patients with HIV À KS obtained from the ACSR. Control samples were obtained from 13 healthy adults from the university community at SUNY Upstate (New York, NY). The assays were carried out according to the manufacturer's instructions.
Statistical analysis
Difference in percent b-hexosaminidase release was analyzed by using one-way ANOVA, followed by Bonnferroni multiple comparison test. Differences in tryptase and N-methylhistamine levels between patients with KS and healthy comparators were assessed by one-way ANOVA, followed by Mann-Whitney twotailed nonparametric test. To test the relationship between HIV VL and CD4
þ T-cell count and MC activation products, Spearman nonparametric correlation analysis was performed. Value was considered significant if P <0.05. All statistical analyses were performed with Prism 6 software (GraphPad).
Study approval
Human studies were approved a priori by the Institutional Review Board at SUNY Upstate Medical University (New York, NY). All tissues and plasma samples were obtained for testing following signed Material Transfer Agreements based on SUNY Upstate Medical University and Ohio State IRB approvals. Normal comparators were obtained following signed consent and SUNY Upstate Medical University approval. The case study patient was included upon signed consent at the Infectious Disease clinic, SUNY Upstate Medical University.
Results
MCs are permissive to KSHV infection in vitro and in vivo
Because MCs are permissive to infection by other viruses, we assessed the ability of two extensively validated human MC lines, HMC-1 5C6 and LAD2, for permissivity to infection with KSHV. MCs were inoculated at an MOI of 1-3, and RNA was then isolated at 6, 24, 48, and 72 hpi. We assessed expression of KSHV latent genes (ORF71, ORF72, ORF73, and K12) and lytic genes of all three temporal classes (including immediate early, ORF50; early, ORF27, K2, K4, K5, K6; and late, ORF64 and K8.1) and found robust expression at all time points analyzed, suggesting that MCs support KSHV gene expression (Fig. 1A) . No viral gene expression was observed in mock-or UV-irradiated virus treated MCs or in the no RT controls. Valproic acid-treated BCBL-1 cells served as a positive control for KSHV lytic gene expression. Overall, these data demonstrate MCs support both latent and lytic KSHV gene expression.
KSHV-infected ECs lose the viral episome as they divide and eventually die (2, 26) . To evaluate the ability of MCs to maintain KSHV infection over a longer time period and to evaluate the levels of latent ORF73/LANA quantitatively, we measured gene expression in cultured MCs for up to 15 days postinfection by qPCR. Expression of ORF73 was robust throughout the culture period in both HMC-1 and LAD2 MCs (Fig. 1B) , suggesting maintenance of viral infection long-term. To evaluate the number of infected cells in our cultures, we carried out limiting dilution qPCR; Poisson distribution demonstrated 14% of HMC-1 (Fig.  1C) and 11% of LAD2 (Fig. 1D ) MCs in culture harbored LANA þ KSHV genomes at 24 hpi suggesting both LAD2 and HMC-1 cells supported similar levels of KSHV infection. To investigate whether MCs support infection in KS lesions, biopsies of AIDS-KS were examined by double staining for MC-specific tryptase and either the KSHV latent LANA/ORF73 (nuclear) or lytic K8.1A (cytoplasmic) proteins. We observed subpopulations of MCs that expressed LANA (Fig. 1E and F) or K8.1A protein (Fig. 1G) . Figure  1E , left inset box, shows two tryptase þ MCs, one which has a brown LANA þ nucleus (black arrow); the right inset box shows a MCs support productive infection with KSHV Because we observed lytic gene expression from all temporal classes in MC cultures up to 72 hpi, we evaluated whether MCs complete the lytic cycle and produce progeny virus. To test this, HMC-1 cells were infected with live and UV-irradiated KSHV and cell-free supernatants obtained at various times postinfection were evaluated for the presence of encapsidated virus particles. Supernatants were treated with DNAse to digest any naked viral DNA, proteinase K treated to remove the DNAse, and then DNA was extracted. Quantitative PCR to detect KSHV LANA-positive genomes demonstrated approximately 10 6 particles/mL in culture medium isolated from cells infected with live KSHV as early as 24 hours postinfection (Fig. 1H ). Cultures treated with UV-inactivated virus had approximately 10 2 particles/mL controlling for amount of residual virus left after extensive wash. The data suggest that MCs can produce encapsidated viral genomes.
Herpesviruses are known to produce defective, noninfectious progeny (27) ; therefore, we evaluated whether MC-derived KSHV virions were infectious to ECs using cell-free supernatants harvested from infected MCs at 24 hpi. LANA-positive ECs are evident 48 hours postinfection by antibody-specific staining indicating (Fig. 1I, top) . No staining was observed in mock-infected (Fig. 1I, bottom) or UV-treated cultures (data not shown). qRT-PCR analysis of HUVEC cultures treated for 3 days with cell-free supernatants from MCs infected with live virus confirmed LANA expression in these cells. Two independent experiments, in triplicate and run in duplicate, gave an average of 12.69 AE1.91 CTs for GAPDH expression and 30.50 AE 8.60 CTs for LANA expression (mean AE SD). UV virus-treated HUVECs, mock treated, and no RT controls gave no amplification. Together, our in vitro and in vivo studies provide consistent evidence to affirm our hypothesis that
MCs support KSHV infection and may represent a reservoir for latent KSHV.
KSHV induces activation of MCs in vitro
MCs mediate inflammation by releasing a wide variety of mediators including b-hexosaminidase, tryptase, histamine, and heparin. To determine whether KSHV activates MCs to release stored mediators, we evaluated b-hexosaminidase release by LUVA and LAD2 MCs. Within 1 hour of treatment KSHV induced a significant, dose-dependent release of b-hexosaminidase by both MC lines into cultures with up to 40% (LAD2, Fig. 2A ) and 25% (LUVA, Fig. 2B ) of total enzyme released at the highest (Fig. 2G) . The MC nuclei in some of the activated MC cells (Fig. 2G , top inset box) showed nuclear staining with anti-LANA antibody supporting KSHV infection in a subpopulation of these effector skin MCs. Degranulated "ghost" or "phantom" MCs were plasma membrane c-kit/CD117 þ (prototypical marker of MCs, data not shown) confirming the presence of a granule-depleted MCs. In later-stage KS lesions, MC degranulation was less obvious. However, the presence of significant extravasated erythrocytes and hemosiderin deposition suggested ongoing local heparin anticoagulation and bleeding related to release of heparin-stabilized tryptase (Fig. 2H) . Images representative of single antibody staining for both KSHV LANA and the MC markers tryptase, histamine, and CD117, are shown in Supplementary Fig. S1 . MC association with LANA þ spindle cells as well as increased density, activation, and degranulation were observed in all cutaneous KS lesions examined. Increased MC density, activation, and degranulation were not limited to cutaneous KS. We also examined 11 tissue sections from lung, gut, and lymph node KS along with 11 corresponding HIV þ control tissues. Similar to active KS lesions in the dermis (Fig. 3A) , lung (Fig. 3B ), lymph node (Fig. 3C) , and gut (Fig. 3D MC-specific tryptase and N-methylhistamine are elevated in the blood of patients with KS Our complementary in vitro and in vivo data suggest MCs are key cellular players in the KS lesion microenvironment, promoting and supporting disease in a multifaceted way including by intense 3I) and N-methylhistamine, a metabolite of histamine (Fig. 3J) þ T-cell count vs. N-methylhistamine r ¼ À0.061, P ¼ 0.778). In addition, no correlation was found between age or sex of individual and levels of MC activation products tryptase (age vs. tryptase r ¼ 0.297, P ¼ 0.118; sex vs. tryptase r ¼ 0.143, P ¼ 0.451; age vs. N-methylhistamine r ¼ 0.117, P ¼ 0.484; sex vs. N-methylhistamine r ¼ 0.005, P ¼ 0.974). The corresponding significant increase in circulating histamine in patients with KS supports active MC degranulation in these patients that is independent of the degree of immune suppression, age, or sex.
Antagonism of MC inflammatory mediators is associated with durable regression of AIDS-KS lesions
A 46-year-old HIV þ man with acutely progressing KS presented to establish care in our Infectious Diseases clinic. Since his HIV diagnosis 14 years prior, he had been intermittently adherent to his antiretroviral medications (ARVs). At diagnosis, he had KS lesions on the distal lower extremities bilaterally, but his lesions had been stable in number, size, and color for years. Five weeks prior to presentation to our clinic, he underwent an emergency appendectomy. Following surgery, he developed worsening of long-standing, but previously unrecognized, symptoms consistent with MC activation (31), including intermittent vertigo, headaches, gastroesophageal reflux (GERD), nausea, watery diarrhea, arthralgias, myalgias, and fatigue. Coincident with worsening of these symptoms, he noted development of significant bilateral lower extremity edema, bilateral tinnitus (also symptoms of significant MC activation), and an increase in the size and a darkening pigmentation of all lower extremity lesions, in particular the lesions on his left foot. In addition, he noted that a new lesion developed on his abdomen. Biopsies of the lower extremity and abdominal lesions were obtained. H&E staining demonstrated abnormal microvascular structures with extravasated erythrocytes and significant infiltration of mononuclear cells (Fig. 4A) . IHC staining for the KSHV-specific LANA (brown) confirmed that the lesions were KS (Fig. 4B) . Serial sections stained for MC markers tryptase (Fig. 4C , brown) and CD117 (Fig. 4D, red) demonstrated extensive MC infiltration. Notably, the distribution of tryptase in many cells was extracellular, indicating that the potent proinflammatory effects of MC degranulation were active in the patient's tumors. We hypothesized that his worsening constitutional symptoms and progression of his previously stable KS both resulted from extensive MC activation triggered by his recent inflammatory appendicitis and abdominal surgery. Appendicitis is characterized by enhanced MC localization and activation (32) . We sought to interrupt the proinflammatory response driven by ongoing MC degranulation with agents that block the target effects of MC products. Therefore, we prescribed cetirizine (a type 1 histamine receptor antagonist, 20 mg daily), ranitidine (a type 2 histamine receptor antagonist, 300 mg twice a day), montelukast (a leukotriene receptor antagonist, 10 mg daily), and vitamin C (a MC stabilizer, 1 g daily).
At a follow-up appointment two weeks later, his weight was down 4.5 kg, and he demonstrated significantly reduced lower extremity edema. In addition, he reported resolution of many of his worsening constitutional symptoms, including fatigue, GERD, diarrhea, tinnitus, and vertigo. Notably, he thought that the KS lesions on his legs and abdomen had lightened and shrunk. Upon examination, his lesions had become lighter in color and were visibly smaller (Fig. 4E) . The top three images are of the right leg, the bottom three images are of the left foot; both series demonstrate dramatic reduction in lesion pigmentation and size over the course of treatment. Over the course of 2 months of treatment targeting MC-specific mediators we observed that his lesions continued to shrink, becoming smaller and macular; the lesion on his abdomen had fully resolved (not shown). The patient also reported feeling the best he had in more than 10 years.
These dramatic changes occurred in the absence of HIV control. At presentation to our clinic he reported variable adherence to his previously prescribed Elvitegravir, Cobicistat, Emtricitabine, and Tenofovir. His HIV viral load was 40,121 RNA copies/mL and CD4 þ T-cell count was 419. Viral resistance testing was sent at the initial visit and subsequently demonstrated that his viral isolate was in fact resistant to Elvitegravir, Emtricitabine, and Tenofovir. It is significant, therefore, that his dramatic regression of KS lesions was associated with initiation of anti-MC medications rather than suppression of his viral load. When his resistance testing was available, his ARVs were changed to Duranavir, Ritonavir, Dolutegravir, and Etravirine. One month after changing his ARV regimen, his viral load was 162 and CD4 þ T-cell count was 577. Thus, viral suppression was achieved after KS lesion regression was observed.
Discussion
Progression of KS lesions is dependent on the expression of both latent and lytic viral genes, repeated rounds of new infection, and secretion of proinflammatory cytokines. Given that the majority of ECs within the KS lesional microenvironment are latently infected, and explanted KS cells rapidly lose viral infection upon culture, non-EC cell types are likely involved in the production of progeny virus. Likewise, explanted KS cells require the provision of exogenous inflammatory cytokines for growth. Therefore, the known autocrine and paracrine signaling pathways active in KS cells are not sufficient to drive tumor progression. On the basis of our complementary in vitro and in vivo observations, we propose that MCs may play a role in KS pathogenesis by acting as a long-lived reservoir for KSHV and by chronic release of proinflammatory compounds. A proposed model for the role of MCs in KS is shown in Fig. 5 .
MCs support productive infection
Prior to lesion development, KSHV infection of target cells takes place (Fig. 5A ). Like ECs, MCs are fully permissive to KSHV infection in vitro (Fig. 1) . Expression of viral transcripts was rapid and sustained following infection of MC lines. MCs expressed viral transcripts by 6 hpi, similar to what was observed following primary EC infections ( Fig. 1A; ref. 33) . In contrast to the rapid establishment of latency in ECs following infection, however, MCs maintained expression of lytic transcripts at 72 hpi, while previous data suggest that virtually all lytic genes declined or were Figure 5 . Model for the role of MCs in KSHV-induced Kaposi sarcoma. MCs support both latent and lytic KSHV infection in vivo; in vitro our data suggest completion of the cycle with release infectious virus able to establish latency in primary infected ECs. In contrast, primary KSHV infection of EC results in the establishment of viral latency soon after infection and is characterized by very limited viral gene expression and no viral progeny production. Infection induces major EC actin cytoskeleton changes resulting in spindle formation. Spindle cells proliferate in response to local inflammatory mediators and during proliferation some ECs lose the viral episome and eventually die. KS lesion maintenance and expansion must involve both a source of infectious virus capable of "reseeding" the lesion, and a potent source of required paracrine inflammatory effectors. KSHV virus induces significant MC activation, both in culture and in vivo, with release of protumourigenic, proinflammatory, and proangiogenic granule contents, including the highly abundant tryptase, histamine, and heparin, and the lysosomal enzyme b-hexosaminidase, into the cellular environment promoting oncogenesis via proliferation and survival of the latently infected ECs that compose the bulk of the tumor. Furthermore, concomitant release of heparin upon release of tryptase likely induces the edema and hemorrhage that are prominent characteristics of KS lesions.
undetectable by 8 hpi in ECs (34) . We also found that MCs maintained infection in vitro for at least 15 days (Fig. 1B) . This appears to be in contrast to latent-infected primary ECs that lose the viral episome over time in continuous cultures, accompanied by a dramatic decline in LANA gene expression by 9 dpi with complete loss by 11 dpi (2, 26) . As early as 24 hpi, MCs produced progeny virions capable of establishing latency in EC (Fig. 1H and  I ) similar to what has been observed during primary infection of activated B cells (35) and in an in vivo in a model of acute cytomegalovirus infection (36) . Similar to what has been observed in acute infection of B cells, we found MCs released maximal virus by 24 hpi. We did not see an increase over time likely reflecting an equilibrium between those infected cells releasing virions, with subsequent infection occurring (perhaps at lower levels given the large volume the suspension cells are cultured in) and likely influenced by continual degradation in the culture culminating to yield a relatively constant viral titer. Together with identification of MCs expressing both latent and lytic viral proteins in KS biopsy samples (Fig. 1E-G ), these data demonstrate that MCs support productive viral infection and provide evidence that MCs may help maintain a reservoir of KSHV within lesions. How MCs become infected is unknown, although our observations support direct interactions of MCs and K8.1 þ plasma cells (Fig. 1E ). These data suggest a possible route of infection via MC expression of a3b1 (CD49c/29) integrins (37), and/or via xCT (38) , known KSHV entry receptors (39, 40) .
MCs accumulate in KS tissue
IHC analysis of KS biopsies taken from diverse tissues and from lesions at different stages of development consistently demonstrated an enrichment of MCs in KS lesions compared with normal tissue (Figs. 2 and 3 ). This accumulation is likely driven by both recruitment of bone marrow-derived CD34
þ MCs and local proliferation of tissue-resident MCs. KS lesions are rich in MC chemotactic factors, including platelet-derived growth factor-AB, VEGF (which is also present in MC granules), basic fibroblast growth factor, stromal-derived factor-1 (41, 42) , stem cell factor (SCF), and CCL5. Moreover, KSHV encodes a homolog of cellular CCL2, K4; CCL2 is essential for recruitment and activation of MCs in adenocarcinoma-associated malignant pleural effusion (16) . Our data demonstrate that in vitro-infected MCs express K4 (Fig.  1A) . In addition, lesions are rich in COX-2-derived lipid mediators including PGE 2 and LTB 4, known to be produced by both activated MCs (43) (44) (45) and KSHV-infected ECs (46) . LTB 4 is a potent chemoattractant for immature MCs and bone marrowderived MC progenitors (45) and PGE 2 induces the release of CCL2 and VEGF (44) . Thus, infection with KSHV may induce MC chemotaxis to the developing lesions via both direct viral gene expression and by induction of potent chemotactic signals (Fig. 5B) .
KSHV activates MCs
MCs initiate inflammatory responses, in part, by degranulation, whereby preformed inflammatory mediators are rapidly discharged into the local environment. Infection of MCs in vitro induced a rapid, dose-dependent release of one granule-associated substance b-hexosaminidase ( Fig. 2A and B) . MC degranulation appears to depend on expression of viral genes, as there was no detectable increase in release of b-hexosaminidase following infection with UV-inactivated virus. By IHC, we also found widespread activation of MCs in KS biopsies (Figs. 2-4 ). In plasma samples from patients with AIDS-associated and classic KS we detected significantly higher systemic levels of two other granule products (tryptase and the histamine metabolite N-methylhistamine) compared with healthy controls (Fig. 3I and  J) . The plasma levels of these granule products in patients with KS are similar to those seen in patients with dengue fever (47), mastocytosis, anaphylaxis (48) , and MC activation disease (31) . These MC products have very short half-lives (i.e., tryptase 2 hours; histamine 1 minute). Therefore, identification of anaphylaxis-level plasma concentrations of these inflammatory mediators in randomly acquired samples suggests that patients with KS have robust and sustained activation of MC.
The known effects of MC granule products are consistent with some of the key histologic features of KS lesions. Histamine, for example, is a potent vasodilator, and along with dysregulation of EC adhesion molecules, may contribute to the vascular leak and tissue edema in KS lesions. Histamine is also known to induce proliferation of malignant melanoma (49) . And despite an abundance of the procoagulant tissue factor within KS lesions there is minimal activation of the clotting cascade demonstrated by limited deposition of fibrin (50) . Heparin, one of the most abundant granule products, is a potent anticoagulant and likely contributes to the "hemorrhagic sarcoma" phenotype of KS. Heparin is also able to bind secreted growth factors and viral particles, possibly limiting diffusion out of lesional tissue. Sustained release of these heparin-bound products by the enzymatic activity of tryptase, including the MC granule component VEGF, may contribute to ongoing proliferation of spindle cells and EC available for further rounds of viral infection. It is possible, therefore, that the combined release of progeny virions and granule contents contributes to lesion progression (Fig. 5C ).
Although not directly assessed in this study, there is tight overlap between the known effects of MC granule components and the composition of the KS lesional microenvironment. Studies are underway to evaluate the effects of individual MC granule components on ECs infected with KSHV.
Antagonism of MC granule contents has anti-KS effects
Our model of MC contribution to the establishment and progression of KS lesions is supported by our demonstration of elevated plasma levels of MC granule contents and the rapid and durable regression of KS lesions in a patient with AIDS-associated KS treated with MC antagonists (Fig. 4) . While this is the first demonstration of an association between MCs and KS, MCs are known to contribute to the pathogenesis of myriad tumor types, including MPE, primary cutaneous lymphoma, papilloma virusassociated squamous cell carcinomas, and pancreatic b-cell tumors. Likewise, there is precedence for an antitumor response with agents that antagonize MC survival or degranulation. Sodium cromolyn, an MC stabilizer that inhibits degranulation, blocks maintenance, and progression of pancreatic b-cell tumors. Treatment of mice with the c-kit inhibitor imatinib mesylate significantly limited MPE formation.
Along with granule content markers, the other prototypical marker for MCs is C-kit/CD117. SCF binding triggers CD117 signaling, which is critical for the differentiation, migration, maturation, and survival of MCs (51). C-kit/CD117 activity is the target for treatment with the c-kit tyrosine kinase inhibitor imatinib mesylate and is used in the treatment of patients with mastocytosis (52) . Detection of CD117 staining identified both granulated MCs and "ghost" or granule-depleted MCs within KS lesions independent of granule content. Importantly, fully degranulated MCs remain viable, slowly regranulating over a period of days (53) . These cells are then able to undergo the entire process of activation and degranulation again, making them particularly potent effectors. One may envisage a MC activation and degranulation response in KS disease, followed by regranulation and subsequent degranulation thereby providing a continuous source of paracrine inflammatory mediators that help drive KS development and maintenance.
Previous work demonstrated CD117 expression in vitro on latently infected dermal ECs (43, 54) Reconstitution of immune competence and suppression of viral load is the first goal of therapy for patients with KS. However, our study results suggest that modulation of MC activity could potently alter KS tumorigenesis irrespective of a significant immunologic and virologic response to ARVs. Safe, widely available MC-stabilizing agents that are used to treat MC activation and allergic disease could provide a cost-effective approach to reducing both lesion inflammation and angiogenesis. Thus, modifying MC activation may represent a therapeutic strategy amenable for use in KS-prevalent, resource-constrained settings like sub-Saharan Africa.
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